Patients with first-episode psychosis experience psychotic symptoms for a mean of up to 2 years prior to initiation of treatment, and long duration of untreated psychosis (DUP) is associated with poor clinical outcomes. Meanwhile, evidence compiled from numerous studies suggests that longer DUP is not associated with structural brain abnormalities. To date, few studies have examined the relationship between DUP and functional neuroimaging measures. In the present study, we used seed-based resting-state functional connectivity to examine the impact of DUP on corticostriatal circuitry. We included 83 patients with early phase schizophrenia and minimal exposure to antipsychotic drugs (o2 years), who underwent resting state scanning while entering 12 weeks of prospective treatment with secondgeneration antipsychotic drugs. Functional connectivity maps of the striatum were generated and examined in relation to DUP as a covariate. Mediation analyses were performed on a composite measure of corticostriatal connectivity derived from the significant results of our DUP analysis. We found that longer DUP correlated with worse response to treatment as well as overall decreased functional connectivity between striatal nodes and specific regions within frontal and parietal cortices. Moreover, the relationship between DUP and treatment response was significantly mediated by corticostriatal connectivity. Our results indicate that variation in corticostriatal circuitry may play a role in the relationship between longer DUP and worsened response to treatment. Future prospective studies are necessary to further characterize potential causal links between DUP, striatal circuitry and clinical outcomes.
INTRODUCTION
Individuals experiencing their first-episode of psychosis interface with psychiatric treatment after a mean of up to 2 years of untreated psychotic symptoms (Loebel et al, 1992; Robinson et al, 2015) . Longer duration of untreated psychosis (DUP), a clinical variable marking the amount of time psychotic symptoms exist prior to treatment with antipsychotic drugs, is linked with a number of diseaserelated outcomes. In particular, longer DUP has been associated with increased severity of negative symptoms (Boonstra et al, 2012; Penttilä et al, 2014; Perkins et al, 2004) , worse functional and social outcomes (Marshall et al, 2005; Penttilä et al, 2014) , and overall increased global psychopathology (Perkins et al, 2004) . Psychotic symptoms themselves may be more refractory to treatment with a prolonged DUP, given a consistent modest association with poorer response to antipsychotic drug treatment (GunduzBruce et al, 2005; Loebel et al, 1992; Perkins et al, 2005; Robinson et al, 2004) . While these observations have prompted a call for systems-level initiatives to decrease DUP (Addington et al, 2015; Cotter et al, 2016; Srihari et al, 2014) , the neurobiological impact of untreated psychosis remains unknown.
Clinical findings relating DUP to worse outcomes also gave rise to the possibility that untreated psychotic symptoms might impact neurophysiology (Wyatt, 1991) . While this idea remains debated (Rund, 2014) , structural neuroimaging and neurocognitive studies have examined effects related to length of DUP. A few reports have put forth evidence for reduced gray matter in regions within planum temporale (Takahashi et al, 2007) , basal ganglia (CrespoFacorro et al, 2007) , parietal and frontal lobes (Malla et al, 2002) . However, larger studies report no significant relationship between DUP and measures of brain structure (Ho et al, 2003 (Ho et al, , 2005 Rund, 2014) . This was supported by a recent review that reports no collective agreement across structural imaging studies (Anderson et al, 2015) . Similarly, neurocognitive studies have not definitively associated DUP with neurocognitive abnormalities (Goldberg et al, 2009) . Meanwhile, functional neuroimaging has not been extensively investigated in relation to DUP, and to date no study has directly examined effects on intrinsic functional connectivity.
In our previous work, we focused on resting-state functional connectivity of the striatum as a treatmentrelated biomarker in patients with first-episode schizophrenia. Efficacious treatment of psychotic symptoms was associated with increased connectivity between striatum and frontal and limbic regions (Sarpal et al, 2015) . In addition, an index of functional interactions of the striatum showed promise as a prognostic biomarker in patients with first-episode schizophrenia and chronic patients with psychotic disorders (Sarpal et al, 2016) . In light of its role in treatment response, and evidence for altered striatal functioning in individuals at high risk for transition to psychotic states (Dandash et al, 2014; Howes et al, 2011) , the examination of striatal functional connectivity to the relationship between DUP and treatment response holds considerable promise.
The goal of the present study was to examine the relationship between functional connectivity of the striatum, DUP, and treatment outcome. Following the methods of our previous studies, we generated functional connectivity maps of the striatum and performed voxel-wise correlational analyses with DUP in a cohort of patients in their early phase of a schizophrenia spectrum disorder, with o2 years of exposure to antipsychotic medication. Patients underwent scanning while starting prospective treatment with antipsychotic drugs and were followed for 12 weeks of treatment. We tested the hypothesis that that an index of corticostriatal connectivity mediates the relationship between longer DUP and worsened response to treatment.
MATERIALS AND METHODS

Participants
All patients (N = 83) included in the present study were between the ages of 15 and 40, experiencing psychosis with minimal prior treatment, and scanned with resting-state fMRI while starting antipsychotic treatment as per NIMHfunded clinical trials. Patients were diagnosed with a schizophrenia-spectrum disorder, including schizophrenia (N = 57, schizophreniform disorder (N = 18), schizoaffective disorder (N = 2), or psychotic disorder, not otherwise specified (N = 6). Diagnoses were based on the Structured Clinical Interview for Axis I Diagnostic and Statistical Manual-IV Disorders (SCID), supplemented by information from clinicians and family members. Written informed consent (or assent with written parental/guardian consent for those under age 18 years) was obtained as per a protocol approved by the Institutional Review Board of Northwell Health. Additional details regarding exclusion criteria for our study participants are available in the Supplementary Materials and Methods.
Patients from two independent cohorts were included in the study. In cohort 1, patients were treated in a doubleblind, randomized controlled trial with either risperidone (dose range: 1-6 mg) or aripiprazole (5-30 mg) for 12 weeks (R01MH060004; ClinicalTrials.gov ID: NCT00320671). In cohort 2, all patients were treated with risperidone (dose range 1-6 mg) plus randomized adjunctive, double-blind treatment with either an omega-3-fatty acid supplement (740 mg eicosapentaenoic acid, 400 mg docosahexaenoic acid, and 4 mg/g Tocopherol) or placebo for 12 weeks (R21MH101746; ClinicalTrials.gov ID: NCT01786239). Cohort 1 had at most 2 weeks of prior treatment, while cohort 2 had up to 2 years of treatment. Details regarding additional medications allowed in our patients are available in the Supplementary Materials and Methods.
Clinical ratings were administered weekly for the first month, and then every 2 weeks thereafter until week 12. Psychopathology was rated with the Brief Psychiatric Rating Scale-Anchored version (BPRS-A) and the Clinical Global Impressions Scale (CGI). Consistent with our prior studies Sarpal et al, 2016) , stringent treatment response criteria were defined, a priori. Patients were categorized as responders if they had two consecutive, sustained ratings of a CGI improvement score of much or very much improved, as well as a rating of 3 or less on psychosis-related items of the BPRS-A (conceptual disorganization, grandiosity, hallucinatory behavior, and unusual thought content).
We defined DUP as the time from the emergence of psychotic symptoms to initiation of antipsychotic treatment. Sources for the DUP assessment were the participant, their family and clinical records when available. DUP was calculated and quantified in weeks. Given that DUP is traditionally right-skewed with more individuals presenting with lower durations (Perkins et al, 2005) , we performed a common log-transformation of our DUP data to reduce skewing. In all analyses described herein, this log-transformed DUP was used as a continuous variable.
Resting State fMRI Image Acquisition
All fMRI exams were conducted on a 3T scanner (GE Signa HDx, Manhasset, NY, USA). As in our prior work (Sarpal et al, 2016; Sarpal et al, 2015) , we acquired anatomical scans for image registration in the coronal plane using an inversion-recovery prepared 3D fast spoiled gradient sequence (TR = 7.5 ms, TE = 3 ms, TI = 650 ms matrix = 256 × 256, FOV = 240 mm) producing 216 contiguous images with slice thickness = 1 mm. Our resting-state functional scan lasted 5 min in duration. The resting state scan included 150 echo-planar imaging (EPI) volumes with a TR = 2000 ms, TE = 30 ms, matrix = 64 × 64, FOV = 240 mm, slice thickness = 3 mm, and 40 continuous axial oblique slices (one voxel = 3.75 × 3.75 × 3 mm). During resting state scanning, participants were asked to close their eyes and instructed not to think of anything in particular.
Image Analysis and Preprocessing
We used FSL (http://www.fmrib.ox.ac.uk) for preprocessing of resting-state scans. The first four EPI volumes were discarded. Each participant's functional image was registered to a corresponding structural T1 image using a linear transformation with six degrees of freedom. This structural image was normalized by a 12-parameter affine transformation to MNI152 space. The combination of these transformations was then applied to each individual's functional dataset. Rigid body motion correction was performed with MCFLIRT and skull stripping was performed with BET. Images were spatially smoothed with a 5-mm FWHM Gaussian kernel. The resulting time series was then high pass filtered at 0.01 Hz. White matter (WM) and cerebrospinal fluid (CSF) masks were generated using FAST by segmentation of each individual's structural image. Mean signal within these masks was extracted. For removal of nuisance variables, each individual's 4D time series the data were regressed with eight predictors in a general linear model: WM, CSF, and six motion parameters. To avoid interference with our connectivity measures, the global mean was not included in this calculation.
Functional Connectivity Analyses
To test the functional connectivity of subregions of the striatum within the putamen, caudate nucleus, and nucleus accumbens, we used a seed-based approach. We utilized methods described in our previous work (Sarpal et al, 2016; Sarpal et al, 2015) , adopted from Di Martino et al, 2008 . Central coordinates of regions of interest (ROIs) were used to create 4 × 4 × 4 mm spheres defined, bilaterally, in: dorsal caudate (DC) (x = ± 13, y = 15, z = 9), ventral caudate (VSS) (x = ± 10, y = 15, z = 0), ventral caudate/nucleus accumbens (VSI) (x = ± 9, y = 9, z = − 8), dorsal rostral putamen (DRP) (x = ± 25, y = 8, z = 6), dorsal caudal putamen (DCP) (x = ± 28, y = 1, z = 3), and ventral rostral putamen (VRP) (x = ± 20, y = 12, z = − 3).
Once ROIs were defined, functional connectivity analyses were conducted. At the first-level, for each patient, scans were used to create correlation maps for each participant for all 12 of our ROIs. Mean activity time courses were extracted from each seed region. Whole-brain voxel-wise correlation maps for each ROI were then created with the extracted waveform as a reference. The resulting correlation maps were Z-transformed.
To account for motion-related artifact in our data, we first eliminated patients with extreme motion (defined by at least 2 s.d. above the average FD) prior to group-level analyses. Mean frame-wise displacement (FD) was calculated in FSL and was also included to control for the residual effect of head motion. Given that use of the data scrubbing to eliminate motion-related artifact offers little advantage over group-level corrections and can correct the data incompletely (Yan et al, 2013) , we accounted for head motion at the group-level by including mean FD as a nuisance covariate (Power et al, 2015; Yan et al, 2013) .
Group level analyses were performed independently for each ROI in FSL's FLAME. For each ROI, all maps were entered into a general linear model with age, sex, and FD as covariates. Significance was defined voxel-wise at po0.005, with cluster correction at po0.05. All neuroimaging findings reported below met this threshold.
Post Hoc and Mediation Analyses
All post hoc and mediation analyses were performed in the R statistical environment (http://www.r-project.org). Raw connectivity values were extracted for all significant clusters using a 3-mm radius around the peak voxel, and entered into a matrix with 83 rows (one for each patient), and connectivity values in columns. For purposes of the data reduction, a principal component analysis was performed on these extracted values to identify explanatory factors within our results. Horn's parallel analysis was performed on our principal components to empirically identify the number of factors to retain for further analyses. Subsequently, we performed a mediation analysis to examine whether retained principal components capture the explanatory variance mediated the relationship between DUP and treatment response. Following the steps by (Judd and Kenny, 1981) , we tested: (a) whether the effect of DUP on treatment response is significant in a survival analysis; (b) a significant relationship exists between DUP and our corticostriatal connectivity index; (c) that the relationship between our index and treatment response is significant in a survival analysis; and (d) the direct effect of DUP on treatment response adjusted for our index is non-significant. Mediation effects were defined if all four of these steps were passed (Baron and Kenny, 1986 ). Aalen's additive hazards model regression analysis was used as our method for examining our survival data with time to response in weeks and 
RESULTS
Demographics and the Clinical Data
We included 83 patients in this analysis, 47 from cohort 1 and 36 from cohort 2 (see methods above). Demographic variables are summarized in Table 1 . Age, sex, education, and baseline scores of psychopathology ratings were not associated with DUP, and did not differ between responders (N = 48) and non-responders (N = 35) to treatment. Similarly, no differences were observed in any demographic variables between patients in cohorts 1 and 2. A histogram of our raw DUP data, displayed in Supplementary Figure S1 , was right-skewed, consistent with typical distributions. The average DUP across all patients was 102 weeks (SD = 77 weeks), and the median was 35 weeks. Common log transformation of these data reduced skewing (Table 1) . Patients included in the analyses had a median of 5 days of antipsychotic medication exposure prior to scanning (mean 15, SD 59 days), and 31 patients were naive to antipsychotic treatment at time of scanning (37%). We found no relationship between DUP and amount of antipsychotic exposure. Our response rate to antipsychotic treatment was 56% during our 12-week medication trial. Longer DUP prior to treatment was associated with poorer rates of response in a survival analysis with time to response and response status as survival parameters (p = 0.03; Supplementary Figure S2 ).
Functional Connectivity
At the group level functional connectivity maps for each seed region showed consistent connections with maps from prior studies (Di Martino et al, 2008; Sarpal et al, 2016; Sarpal et al, 2015) . Consistent with our a priori hypothesis of a negative relationship between DUP and corticostriatal connectivity, we discovered a total of 24 clusters across our 12 seed regions that predominantly showed significantly lower functional connectivity with greater DUP. These significant clusters are displayed in Figure 1 and peak voxels for each cluster are listed with statistical details in Supplementary Table S1 . Across these clusters, we observed decreased functional connectivity between striatum and cortex that overlapped in several regions, including the supramarginal gyrus (38% of significant clusters), middle frontal gyrus (17% of clusters), and cingulate gyrus (12%). Conversely, we observed a significant positive relationship between increasing DUP and functional connectivity between the ventral striatum/ nucleus accumbens and the subcallosal cortex/orbitofrontal cortex, and medial frontal pole (Figure 1 and Supplementary  Table S1 ).
We extracted connectivity values from our significant clusters and performed several post hoc analyses. No significant differences in connectivity values were found between our patient cohorts. No relationship was found between prior med exposure and connectivity. Patients in our aripiprazole vs risperidone-treated cohort showed no differences in functional connectivity across our significant clusters. Similarly, in cohort 2, placebo versus omega 3 fatty acid-treated patients showed no differences in functional connectivity with significant clusters.
Mediation Analysis
We further examined our connectivity results in relation to treatment response. The data reduction via principal component analysis over the 24 significant clusters revealed two significant factor that stood out that explained 34 and 9% of the variance, respectively, in our results; other factors each accounted for o8% of the variance. The first principal component significantly predicted treatment response in a survival analysis (P = 0.02). We performed an exploratory mediation analysis to test whether this factor mediates the relationship between increased DUP and worsened treatment response (Figure 2 ). When the first principal component is included as a mediator into the model, the direct path from DUP to treatment response described above (β = − 0.18, P = 0.03) is no longer significant (β = − 0.03, P = 0.07). Thus, we found a significant mediation effect, indicating that DUP exerts its effects on treatment response through a variable representing our corticostriatal connectivity results. The second principal component did not significantly relate to treatment response, and was therefore was not a mediator.
DISCUSSION
In the present study, we report that length of DUP is associated with variation in striatal functional connectivity, and that this variation plays a mediating role in the negative relationship between DUP and response to treatment. Our analyses included 83 patients with early-phase schizophrenia, pooled from two separate cohorts. Patients had minimal prior antipsychotic exposure, were scanned with resting state fMRI at time of initiation of controlled treatment with a second-generation antipsychotic medication, and were clinically monitored for 12 weeks with stringent a priori treatment response criteria. Consistent with our hypothesis, longer DUP was associated with decreased corticostriatal functional connectivity. We observed an overall negative relationship between DUP and connectivity of the striatum with a group of cortical regions, inclusive of the central executive and dorsal attention networks. The first principal component derived from these results showed a mediating effect on the link between DUP and treatment response.
To our knowledge, this is the first study to directly examine the relationship between DUP and intrinsic connectivity of the striatum, a structure that is repeatedly implicated in the pathophysiology of schizophrenia. Studies have consistently shown, via positron emission tomography, that patients with schizophrenia exhibit increased postsynaptic dopaminergic activity (Abi-Dargham et al, 1998; Howes et al, 2012) . More recent work has used fMRI-based activation and connectivity to characterize the role of the striatum in schizophrenia-related pathology. Activation of the striatum during reward processing has been associated with antipsychotic treatment outcome (Nielsen et al, 2012) , as well as antipsychotic-induced weight gain (Nielsen et al, 2016) . Pretreatment findings have demonstrated abnormal striatal dopamine and connectivity in individuals at risk for chronic psychotic disorders (Howes et al, 2009) , as well as decreased caudate volume with longer untreated symptoms in first-episode patients (Crespo-Facorro et al, 2007) . The present study adds to this literature by linking DUP to striatal functional connectivity. Future work is necessary to fully characterize our findings with other components of cortico-striato-thalamo-cortical circuits (Alexander et al, 1986) .
The present study also adds to a growing literature that implicates the striatum in treatment-related neurobiology. Prior work has shown that functional connectivity of the striatum plays a key role in the mechanism of treatment response in longitudinal analyses (Anticevic et al, 2015; Lahti et al, 2003; Sarpal et al, 2015) , and may be used as a prognostic biomarker (Lahti et al, 2009; Sarpal et al, 2016) . Here we extend this work by showing that the negative relationship between DUP and treatment response to antipsychotic drugs occurs through differences in striatal interactions. While considering the debate whether untreated psychosis impacts neurophysiology (Rund, 2014; Wyatt, 1991) , it is important to emphasize that our results do not establish a causal link between untreated psychosis and deleterious effects on striatal neurophysiology. Further prospective work characterizing the prodromal period is needed to establish causality.
Many of the striatal connections associated with DUP that we describe here map onto predetermined functional networks, including the central executive network. Some of these areas include the middle frontal gyrus, superior frontal gyrus, the anterior cingulate, and the supramarginal gyrus (Seeley et al, 2007) . This network of structures has been linked to functions related to manipulation and maintenance of information, goal-directed behavior, and problem solving (Miller and Cohen, 2001; Minzenberg et al, 2009; Müller and Knight, 2006) . Interestingly, while some studies have shown a relationship between neurocognitive deficit and longer DUP (Gaynor et al, 2009) , prior work has also found evidence for preserved cognition in patients with longer DUP (Goldberg et al, 2009; Norman et al, 2001) . It remains unknown how our findings relate to executive functioning and other cognitive domains, and whether our findings of reduced executive-striatal connectivity represent a traitrelated or adaptive mechanism. Similarly, we observe a negative association between longer DUP and striatal connectivity with the supramarginal gyrus, a structure located within the inferior parietal lobule. Interestingly, we previously found that increased connectivity between this region and the striatum coincides with less efficacious outcomes after 12 weeks of antipsychotic treatment (Sarpal et al, 2015) . Future studies may reconcile these two findings by testing whether DUP results in decreased striatalsupramarginal gyrus connectivity to a degree that impedes an efficacious response to treatment. Additionally, as a key component for language processing (Binder et al, 1997) , our results in the supramarginal gyrus may represent a breakdown in language-related processes secondary to worsening psychosis.
Similar to our findings in the central executive network, we also report a finding with a region of the superior frontal gyrus that is partially within the frontal eye field, a component of the dorsal attention network (Corbetta et al, 2008) . Prior studies have demonstrated that untreated patients with first-episode schizophrenia show significantly enhanced rapid gaze shifting, suggesting reduced inhibitory control of saccades, a finding that is normalized with antipsychotic treatment (Reilly et al, 2005) . Further studies may determine whether DUP may play a role in this normalizing effect.
Combined with our findings in the central executive network, these results highlight that variation in striatal interactions with multiple functional networks is associated with length of DUP. Overall, it is unclear whether our functional connectivity findings are a result of untreated psychosis, or if they represent a trait-related marker present in patients with longer DUP. It is also unclear whether the striatum is primarily involved, or if the results we find are secondary to abnormalities in other neural systems.
There are several limitations to our study. For one, we characterized DUP, often a difficult clinical variable to delineate, in a retrospective manner. Because of this, we are not able to precisely tease out the emergence of frank psychotic symptoms from sub-threshold prodromal symptoms. Future cohort studies are necessary with a prospective and longitudinal design, beginning in the prodromal period and extending through the conversion to illness. Secondly, our study examined the relationship between DUP and a single neuroimaging modality. Further studies are necessary that incorporate multimodal analyses of brain structure and function to better characterize the potential impact of untreated psychosis on neural systems. Thirdly, our analysis includes patients from two separate cohorts, each with 2 treatment arms. While we observe no effect of any one particular subgroup of patients, future studies may focus on a more homogeneous population of patients. Additional studies are also needed to examine whether our findings represent a trait-based marker or a subtype of patients.
To conclude, we report an associative role for functional connectivity of the striatum with DUP and its relationship to treatment response. Longer DUP is associated with an overall decrease in connectivity between striatal nodes and regions within central executive and dorsal attention networks. The first principal component explaining these results shows evidence as a mediator between the negative relationship between DUP and response to treatment. Subsequent studies focused on this question from a prospective and longitudinal approach may be helpful in examining whether abnormal striatal functioning is a consequence of untreated psychosis and causally related to worsened treatment outcomes.
FUNDING AND DISCLOSURE
This work was Supported by NIMH grants P50MH080173 to Dr Malhotra; P30MH090590 to Dr Kane; R01MH060004, R21MH101746 to Dr Robinson; K23MH100264 to Dr Gallego; and R01MH076995, R21MH101746 to Dr Szeszko. Dr Robinson has been a consultant to Asubio and Shire, and he has received grants from Bristol-Meyers Squibb, Janssen, and Otsuka. Dr Lencz has been a consultant to Eli Lilly. Dr Kane has been a consultant for or received honoraria from Alkermes, Eli Lilly, EnVivo Pharmaceuticals (Forum), Forest (Allergan), Genentech, H Lundbeck. Intracellular Therapeutics, Janssen Pharmaceutica, Johnson and Johnson, Otsuka, Reviva, Roche, Sunovion and Teva; has received grant support from Otsuka and Janssen; and is a Shareholder in MedAvante, Inc., Vanguard Research Group and LB Pharmaceuticals, Inc. Dr Malhotra is a consultant to Genomind, inc., Takeda, and Forum Pharmaceuticals. Dr Sarpal has received research support from Janssen. The remaining authors declare no conflict of interest.
